The streamlined genomes of ancient obligate endosymbionts generally lack transposable elements, as a consequence of their intracellular confinement. Yet, the genomes of Wolbachia, one of the most abundant bacterial endosymbionts on Earth, are littered with transposable elements, in particular insertion sequences (ISs). This paradox raises the question of whether or not such a mobile DNA proliferation reflects a special feature of ISs. In this study, we focused on another class of transposable elements, group II introns, and conducted an in-depth analysis of their content and the microevolutionary processes responsible for their dynamics within Wolbachia genomes. We report an exceptionally high intron abundance and striking differences in copy numbers between Wolbachia strains as well as between intron families. Our bioinformatics and experimental results provide strong evidence that intron diversity is mainly caused by recent (and perhaps ongoing) mobility and horizontal transfers. Our data also support several temporally independent intron invasions during Wolbachia evolution. Furthermore, group II intron spread in some Wolbachia strains may be regulated through gene conversion-mediated inactivation of intron copies. Finally, we found introns to be involved in numerous genomic rearrangements. This underscores the high recombinogenic potential of group II introns, contrary to general expectations. Overall, our study represents the first comprehensive analysis of group II intron evolutionary dynamics in obligate intracellular bacteria. Our results show that bacterial endosymbionts with reduced genomes can sustain high loads of mobile group II introns, as hypothesized for the endosymbiont ancestor of mitochondria during early eukaryote evolution.
Introduction
The wide spectrum of habitats and physiological diversity of bacteria have a great impact on their genomic organization, as exemplified by the reductive genome evolution of obligate intracellular symbionts. Indeed, compared with their free-living relatives, ancient bacterial endosymbionts typically exhibit highly reduced genomes, rapid DNA sequence evolution, and strong AþT nucleotide bias (Wernegreen 2002; Moran et al. 2008) . Reductive evolution involves the loss of nonessential DNA through a combination of genomic rearrangements (Andersson and Kurland 1998) and long-term accumulation of nucleotide substitutions and small deletions (Silva et al. 2001; Gómez-Valero et al. 2007 ). This is thought to be a consequence of the strictly intracellular lifestyle of these microorganisms, whereby bacterial populations undergo severe bottlenecks during host reproduction, leading to decreased selection efficiency against deleterious mutations. The degradation process is further facilitated by the stability of the cellular environment in which these bacteria reside and the exploitation of the host nutrients, allowing redundant gene functions to be lost without significant fitness loss for the endosymbionts (Moya et al. 2008) . Consistently, ancient endosymbiont genomes show the smallest known genomes and they largely lack mobile DNA, another consequence of the intracellular confinement which limits genetic exchange with other bacterial populations or species (Wernegreen 2002; Bordenstein and Reznikoff 2005; Moran et al. 2008; Moya et al. 2008) . However, there is growing evidence that the relationship between obligate intracellular bacteria and mobile DNA may be more complex (Bordenstein and Reznikoff 2005) , as illustrated by the Rickettsiales, a group of intracellular alphaproteobacteria, which exhibits extensive variability in their mobile DNA content (Darby et al. 2007 ). However, the within-species dynamics of this mobile DNA has seldom been studied for this group of bacteria, making unclear the microevolutionary processes responsible for this variability.
Within the Rickettsiales, Wolbachia bacteria are ancient obligate maternally inherited endosymbionts that have been associated with arthropod and nematode hosts for .100 My (Werren et al. 1995; Bandi et al. 1998) . They are estimated to infect ;66% of arthropod species, making them one of the most abundant endosymbionts on Earth (Hilgenboecker et al. 2008) . Wolbachia are often considered as reproductive parasites as they induce several manipulations on their arthropod host reproduction to enhance their own transmission (O'Neill et al. 1997; Bourtzis and Miller 2003) . Like other ancient endosymbionts, Wolbachia genomes are substantially degraded, with a size comprised between 1 and 1.5 Mb, and they exhibit a strong bias toward AþT nucleotides (Wu et al. 2004; Foster et al. 2005; Klasson et al. 2008; Klasson et al. 2009 ). However, in sharp contrast with expectations, Wolbachia genomes show an unusually high proportion of repetitive and mobile DNA (5-20% depending on strains). Wolbachia genomes are particularly enriched in insertion sequence (IS) transposable elements (Moran and Plague 2004; Wu et al. 2004; Bordenstein and Reznikoff 2005) . It has been shown that one Wolbachia IS group (ISWpi1) has experienced intense transpositional activity and frequent horizontal transfers during recent arthropod Wolbachia evolution (Cordaux 2008; Cordaux et al. 2008) . By contrast, there is no IS transpositional activity in the nematode wBm Wolbachia strain, but residual IS elements are apparently maintained by gene conversion (Cordaux 2009 ). To further investigate the microevolutionary causes of the abundance of transposable elements in Wolbachia genomes, we analyzed the dynamics and evolution of another class of transposable elements, namely group II introns, in Wolbachia genomes.
Group II introns are self-splicing genetic elements related to nonlong terminal repeat retrotransposons, found in organellar and prokaryote genomes (Dai and Zimmerly 2002a) . They are widespread and show a surprising diversity within the bacterial kingdom. They are divided into eight classes (A to F, CL and ML), which may have diverged for several hundred million years (Simon et al. 2009 ). Group II introns produce a multidomain RNA, called ribozyme, which catalyses its own splicing ). Most bacterial introns also possess an open reading frame (ORF), which produces an intron-encoded protein (IEP) with reverse transcriptase, maturase, and endonuclease activities. One of their most interesting features is their ability to invade intron-free alleles of the locus they are inserted in, via a site-specific copy and paste mechanism, called retrohoming Robart and Zimmerly 2005) . Retrohoming is performed by a ribonucleoprotein particle composed of the intron ribozyme and the IEP, which recognizes the DNA target site (homing site), reverse-splices the ribozyme into one DNA strand, and cleaves the other strand to complete reverse transcription. Many mobile group II introns that lack the endonuclease domain in their IEP are thought to directly target single-stranded DNA at replication forks . Homing sites are conserved genomic sequences of ;30 bp that contain the intron-binding sites IBS1, IBS2, and IBS3 which are implicated in base-pairing with the exon binding sites EBS1, EBS2, and EBS3 of the intron ribozyme and are necessary for intron integration. In addition to retrohoming, mobile group II introns may perform retrotransposition at low frequencies, characterized by insertion at ectopic sites (Cousineau et al. 2000; Martínez-Abarca and Toro 2000; Ichiyanagi et al. 2002) . Typically, retrotransposition insertion sites show no sequence similarity with the usual intron homing site, except for the IBS motifs (Martínez-Abarca and Toro 2000; Tourasse and Kolstø 2008) .
Bacterial group II intron mobility (i.e., retrohoming and retrotransposition) has largely been studied from the angle of biochemical and genetic analyses (Cousineau et al. 1998 ; Martínez-Abarca et al. 1998; Roberts et al. 2001; Klein and Dunny 2002; Ichiyanagi et al. 2003; Muñoz-Adelantado et al. 2003; Zhuang et al. 2009 ). However, intron mobility and evolution have seldom been explored in natural bacterial taxa (Dai and Zimmerly 2002b; Fernández-López et al. 2005; Tourasse and Kolstø 2008) . The availability of multiple assembled or partially sequenced Wolbachia genomes provides a unique opportunity to investigate intron dynamics, evolution, and genomic impact in these unculturable obligate intracellular bacteria. In addition to providing rare insight into the microevolutionary processes responsible for the abundance of group II introns in bacterial genomes, our results show that bacterial endosymbionts with reduced genomes can sustain high loads of mobile group II introns, as hypothesized for the endosymbiont ancestor of mitochondria during early eukaryote evolution, which is actually thought to be closely related to Wolbachia (Andersson et al. 2003) .
Materials and Methods

Genome Sequences
The complete genome sequences of Wolbachia strains wMel (Wu et al. 2004) , wBm (Foster et al. 2005) , wPel (Klasson et al. 2008) , and wRi (Klasson et al. 2009 ) were downloaded from the NCBI genome page (http://www.ncbi .nlm.nih.gov/genomes/lproks.cgi). Unassembled Wolbachia contigs of wAna, wSim, wJHB, wUni, and wWil were retrieved at the same location, under accession numbers NZ_ AAGB00000000, NZ_AAGC00000000, NZ_ABZA00000000, NZ_ACFP00000000, NZ_AAQP00000000, respectively (Salzberg et al. 2005; Salzberg et al. 2009; Klasson et al. 2009 ). Complete sequences of the 961 microbial genomes available as of 14 September 2009 in Genbank were downloaded as a single archive from the Genbank FTP site (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/all.fna.tar.gz).
Group II Intron Annotation in Wolbachia Genomes
We downloaded the 223 reference intron sequences available in the Zimmerly's group II intron database (hereafter referred to as Zbase; Dai et al. 2003) , and we performed an exhaustive search of the Zbase introns against Wolbachia genomes. First, nucleotide and protein libraries were constructed. The nucleotide library contained whole sequences of Zbase full-length introns, retrieved from the positions and accession numbers given in Zbase. The protein library contained putative amino acid residues encoded by fulllength introns, retrieved from Genbank annotations of intron loci. Some loci did not harbor ORF or too short ones (less than 300 residues). These introns were not included in the protein library (29 instances). Blast searches were performed for nucleotide and protein intron libraries against Wolbachia genomes (e value ,0.01), and results were filtered for overlapping detections to keep hits with the highest number of identical sites (nucleotides or residues). All detections that closely matched each other at the nucleotide level (BlastN, e value ,10 À10 ) were considered as belonging to the same intron family. In total, intron copies from five distinct families were detected in Wolbachia: 
Computation of Group II Intron Abundance in Microbial Genomes
The 961 microbial genomes were searched for group II introns using the protein intron library described above. This analysis was also performed for the wMel, wRi, wPel, and wBm Wolbachia genomes, to ensure that results were directly comparable for all bacterial genomes being investigated. An automatized BioPerl procedure was implemented to perform Blast searches (TBlastN, e value ,10
À4
) of the whole protein library against each complete genomic sequence (including plasmids), and resulting hits were filtered for overlapping detections as explained above. Hits shorter than half of the best-matching reference intron ORF were also discarded to ensure that fragmented copies were counted only once. It gives a set of group II intron occurrences for each genome that can be distributed into families (corresponding to the best-matching reference intron). Note that our procedure does not return truncated copies that contain less than 50% of the intron ORF and probably fails to detect highly degraded intron copies. Thus, our data set is a conservative estimate of the whole number of group II introns copies per genome sequence. Genomes of intracellular symbionts were determined by using the list of obligate intracellular and obligate intracellular mutualist bacteria from Toft and Andersson (2010) , with the addition of Candidatus Azobacteroides pseudotrichonymphae, which lives within the cellulolytic protist Pseudotrichonympha grassii.
Sequence Analyses
Group II intron copies were categorized as follows: fulllength when their extremities could be unambiguously detected and truncated otherwise; putatively functional when their ORF encoded a full-length protein; putatively mobile when they were putatively functional and inserted within a potentially transcribed region, such as genes. We considered intron copies as located within a gene when the precise removal of the intron sequence created an undisturbed ORF larger than 100 amino acids, as detected with ORF Finder.
Nucleotide sequences of intron copies were aligned for each family with the ClustalW implementation of the BioEdit package (Hall 1999 ) and refined manually. Nucleotide divergence was estimated using the MEGA v.4 software (Tamura et al. 2007) , with the Kimura 2-parameter substitution model and gaps were discarded according to the pairwise deletion method. Intron copies were grouped according to family, host genome, and structural status (i.e., full-length or truncated) to compute between groups mean divergences. Phylogenetic trees were constructed with the Neighbor-Joining method, as implemented in MEGA v.4 with 1,000 bootstrap replicates and the same parameters as for nucleotide divergence estimations.
Orthology relationships between intron copies were deduced by Blast searches of 500 bp immediate flanking sequences of each copy against all assembled Wolbachia genomes. When both 5# and 3# flanks of an intron copy aligned with the 5# and 3# flanks of a copy in another Wolbachia genome, copies were considered as orthologous. When the 5# and 3# flanks aligned to directly adjacent regions in another genome, the copy was considered as specifically inserted in the query genome. Genomic rearrangements were also inferred from flanking sequences: when the 3# and 5# flanking sequences of two distant intron copies were found surrounding a single intron copy or directly adjacent in another Wolbachia genome. This methodology performed well for families W.e.I2 to W.e.I5, in which flanking sequences of each copy are unrelated, but it was less efficient for the W.e.I1 family, in which all copies (except those of wPel) are inserted in duplicate copies of a gene encoding a conserved hypothetical protein (referred to as reci genes, for ''intron recipient'' genes). For the W.e.I1 family, orthologies, insertions, and rearrangements were inferred from a comparative analysis of flank alignments produced with ClustalW.
Group II Intron Locus Genopyting
We assessed intron presence/absence polymorphism of six W.e.I1 copies (five full-length and one truncated), one fulllength W.e.I2 copy, one truncated W.e.I3 copy, and one truncated W.e.I5 copy in a panel of ten diverse A-supergroup Wolbachia strains available from a previous study ). The single Wolbachia infection status of each of the ten samples was confirmed by polymerase chain reaction (PCR) amplification of 2-3 chromosomal markers (wsp, 16S rRNA, and GroE). MBE oligonucleotide primer pairs flanking intron insertions were designed based on the wMel genome sequence, using the program Primer3 (Rozen and Skaletsky 2000) . Primer specificity was confirmed in silico by comparison with the wRi, wAna, wSim, and wWil genomes. PCR amplification, separation, and visualization were performed as previously described (Cordaux et al. 2006 . The D.mel and D.sim DNA samples corresponding to the wMel and wRi Wolbachia strains, respectively, were used as positive controls. Water controls were used in all PCR assays. PCR conditions for each locus, including primer sequences and expected PCR product sizes, are shown in supplementary table S1 (Supplementary Material online). Amplification of the expected genomic loci was confirmed by sequencing, as previously described (Cordaux et al. 2001) . Sequence alignments are available upon request. The history of recombined W.e.I1 loci suspected between the wMel and wRi genomes was investigated in the ten A-supergroup Wolbachia strains by using combinations of our previously designed primers with an additional primer pair (wMel.reci-8 in wMel), which was designed as described above.
Search for Available Group II Intron Insertion Sites
A detection of potential retrohoming target sites for mobile group II introns was conducted on published genomes. Flanking sequences of intron copies belonging to the same family were aligned, and conserved regions were tentatively extracted. Only W.e.I2 copies show a significant conservation in their flanking sequence alignment ( fig. 3b) , from À24 to þ1 relative to the insertion site. For this family, a 25 bp consensus sequence was constructed from the flanking sequences and used as a query in a Blast search (e value 10 -10 ) performed on the four assembled Wolbachia genomes. Hits with no more than four differences compared with the query (IBS1 and IBS3 regions excluded) were considered as potential homing sites for W.e.I2 introns. For W.e.I4 and W.e.I5 families, flanking sequences from À20 to þ10 relative to the insertion site were extracted for each intron copy and searched in Wolbachia genomes as stated above. Filtered resulting hits were considered as potential homing sites for the intron family corresponding to the query intron. W.e.I1 intron copies are inserted within reci genes at a conserved position in a highly variable region. Potential intron-free reci genes in Wolbachia genomes were searched with Blast, using reconstructed nucleotide sequences of all invaded reci as query. Only newly detected reci genes harboring the insertion site position were considered as potential homing sites.
Results
Inventory of Group II Introns in Wolbachia
We identified a total of 36 group II intron copies in the four completely sequenced Wolbachia genomes wMel, wRi, wPel, and wBm (table 1). These introns encompass a total of five distinct families (W.e.I1 to W.e.I5) which belong to different classes of currently recognized group II intron ORF fig. S1 , Supplementary Material online). We also searched for group II introns in the five partially sequenced Wolbachia genomes wWil, wAna, wSim, wUni, and wJHB (table 1) . Introns were identified in all five genomes, although copy numbers cannot be accurately calculated due to possible redundancy and missing copies. All copies belonged to the W.e.I1-W.e.I5 intron families described in completely sequenced Wolbachia genomes. Except wBm which lacks introns and wUni which has copies from only two families (this may reflect the unfinished status of genome sequencing), all other seven Wolbachia strains exhibit at least one intron copy from four or five of the five recorded intron families (table 1) .
There is a significant difference in group II intron copy numbers among the four completely sequenced Wolbachia genomes (chi-square test, P , 0.001). Although the genome of the mutualistic wBm strain lacks introns, the genomes of reproductive parasite Wolbachia strains (wMel, wRi, and wPel) contain from 6 to 16 copies (table 1) . There is also a significant difference in copy numbers among intron families (chi-square test, P , 0.001). This is largely attributed to the W.e.I1 and W.e.I2 families, which collectively account for .70% of all Wolbachia group II introns (table 1) . Intron copy numbers show substantial heterogeneity among families within Wolbachia strains (e.g., 10 W.e.I1 copies vs. 2 W.e.I2 copies in wRi), as well as substantial heterogeneity within families among Wolbachia strains (e.g., 10 W.e.I1 copies in wRi vs. 1 W.e.I1 copy in wPel). As a result, group II introns encompass a variable amount of genomic sequence depending on Wolbachia strains (i.e., 0 to 26 kb). In addition, they make up nearly 2% of the wMel and wRi Wolbachia genomes (table 2) .
Exceptional Intron Abundance in Wolbachia Relative to Other Prokaryotes
An independent automatized detection of group II introns was conducted on 961 completely sequenced bacterial genomes, including wMel, wRi, wPel, and wBm. Our results indicate that bacterial genomes generally carry no or very few intron copies (supplementary table S2, Supplementary Material online). Indeed, 65% (625/961) of the bacterial genomes investigated lack group II introns and another 25% (243/961) carry only 1-3 intron copies. With six or more full-length intron copies, the three Wolbachia genomes wRi, wMel, and wPel are all in the top 5% most loaded bacterial genomes in group II intron copies in our analysis (table 3) . With four different families, wPel also falls in the top 2% of all bacterial genomes in terms of intron family diversity and the two other Wolbachia genomes fall in the top 9% (table 3) . It has been shown that abundance of IS elements is related to genome size in bacteria (Touchon and Rocha 2007) . A Spearman test reveals that this also holds true for group II introns (r 2 5 0.23, P , 10 À20 ). Therefore, given their small genome size, the high number of group II introns found in Wolbachia species is rather unexpected. Consistently, if we account for heterogeneity in genome size among bacteria, then wRi, wMel, and wPel also are exceptional in that they all fall within the top 2% of bacterial genomes with the highest genomic density of group II introns in our analysis (table 3) . When we focus on the 77 genomes of obligate intracellular symbionts, only 11 (15%) harbor intron copies. By contrast, 37% (325/884) of the free-living bacterial genomes contain at least one intron copy. The proportion of obligate intracellular symbionts carrying introns is significantly smaller than that of free-living bacteria (chi-square test, P , 0.0001), consistent with the confined and isolated intracellular environment in which obligate endosymbionts reside. Thus, the presence of numerous intron copies in three Wolbachia genomes further appears particularly unusual.
Extremely Low Nucleotide Divergence of Group II Intron Copies within Genomes
To investigate intron diversity at the nucleotide level, we calculated average intrafamily divergence for all full-length group II intron copies found in the wMel, wRi, and wPel genomes. For five of the six intragenomic possible comparisons (W.e.I1 and W.e.I2 in wMel, W.e.I2 in wRi, and W.e.I4 and W.e.I5 in wPel), average nucleotide divergence was essentially null, ranging from 0% to 0.1%. The sixth comparison (W.e.I1 in wRi) constituted an apparent exception to this pattern, with an average divergence of 3.6%. To investigate the high variability of W.e.I1 copies in wRi, we conducted a phylogenetic analysis of all W.e.I1 full-length copies ( fig. 1) . They appear to be divided into two highly supported clades (! 99% bootstrap score) separated by 8.9% divergence. One group includes two wRi copies and the wPel copy, and the second group includes the remaining wRi copies and all wMel copies. Hence, the high variability observed in wRi results from the presence of two 
In Silico Characterization of Putative Mobile Copies
The very high intragenomic similarity among copies within intron families suggests recent mobility. To test this hypothesis, we searched for potentially mobile intron copies in Wolbachia genomes. Mobility of a group II intron requires the correct achievement of three steps: transcription, RNA splicing, and reverse splicing into genomic DNA Robart and Zimmerly 2005) . Group II introns do not carry promoters, so they must be inserted into existing transcription units (i.e., in or near genes) to be transcribed. They also have to be in the same orientation as surrounding gene(s) to enable synthesis of the IEP. Splicing requires the intron to be full-length, and mobility requires a functional IEP. Although introns encoding disrupted ORFs might still be mobile by using the functional IEP provided in trans by another intron copy (Nisa-Martínez et al. 2007), we conservatively considered intron copies with a disrupted ORF as inactive. A total of 27 full-length intron copies are distributed in the three wMel, wPel, and wRi genomes (table 2) . However, ten full-length copies exhibit a disrupted structure. Four intron copies are disrupted by IS insertions, six intron copies show frameshifts or substitutions leading to premature stop codons in their ORF (including one copy also disrupted by an IS insertion), and one copy is disrupted by another group II intron (table 1). Among the six copies with premature stop codons, four share the same frameshift mutation (W.e.I2 of wMel). It is located at the 3# end of the transcribed sequence downstream the reverse transcriptase and maturase domains. The two other interrupted intron copies are W.e.I1 copies that also share the same substitution that, again, does not disrupt active domains. Although the possibility that these W.e.I2 and W.e.I1 copies are still functional cannot be formally ruled out, we conservatively considered them as not functional. The W.e.I1 copy of wPel is interrupted by a full-length W.e.I5 copy, inserted in the same orientation (table 1). The W.e.I5 copy is putatively functional and may undergo correct splicing. Therefore, the interrupted W.e.I1 copy at the genomic level is considered as putatively functional because it presumably exhibits a canonical W.e.I1 structure at the transcript level.
Among the 18 putatively functional copies, one (W.e.I4) is inserted in a gene in reverse orientation and three are inserted in intergenic regions. Three other copies are inserted in WO prophage regions (W.e.I2 introns in wPel and wRi). Copies in prophages are located inside or 60 bp downstream genes, in the same orientation. The W.e.I2 copies of wRi are inserted in the WO-B prophage, which is known to be transcriptionally active in wRi and other Wolbachia strains (Gavotte et al. 2004 ). Consequently, the wRi W.e.I2 intron copies are located in presumably transcribed regions. The W.e.I2 copy of wPel is inserted in the truncated WO-3 prophage and is likely to be untranscribed. The remaining 11 copies are inserted into conserved genes in the same orientation, and they may be considered as putatively mobile. They are distributed as follows: three W.e.I1 in wMel, seven W.e.I1 in wRi, and one W.e.I4 in wPel.
In summary, our results suggest that at least 13 Wolbachia group II intron copies may be mobile (table 2) . Each Wolbachia genome (except wBm) carries at least one putatively mobile intron copy and up to nine copies in wRi. In addition, at least three of the five intron families show putative mobile copies in Wolbachia endosymbionts. 
MBE
Recent Intron Mobility and Horizontal Transfers
Variable number of intron copies among genomes, high intron sequence similarity, and characterization of potentially mobile copies collectively suggest recent intron activity in Wolbachia. To investigate this possibility, we conducted an in silico analysis of Wolbachia genomes to identify intron presence/absence polymorphisms. We detected seven unambiguous polymorphic loci: two W.e.I1 copies specifically inserted in wRi and one in wPel, two W.e.I2 copies specifically inserted in wMel, as well as one W.e.I4 and one W.e.I5 copies in wPel. Hence, all Wolbachia genomes (except wBm) carry private intron insertions, which originate from four of the five intron families.
The site-specific mobility of group II introns may lead to independent parallel insertions at orthologous loci among genomes. Thus, intron loci showing no apparent polymorphism in our in silico analysis may reflect homoplasy (i.e., independent parallel insertions). This would result in underestimating intron polymorphism levels in Wolbachia. To further evaluate the extent of intron presence/absence polymorphisms in Wolbachia, we performed an experimental investigation of all loci exhibiting apparent orthologous intron insertions (i.e., five W.e.I1 and one W.e.I2 in wMel and wRi) in a diverse panel of ten Wolbachia strains. All W.e.I1 loci showed insertion presence/absence polymorphisms among Wolbachia strains ( fig. 2) , thereby providing unambiguous evidence for recent parallel W.e.I1 intron insertions in Wolbachia genomes.
Overall, our results indicate that none of the 14 fulllength W.e.I1 introns inserted in wMel or wRi was inherited from a common ancestor. This implies that W.e.I1 was independently acquired by the wMel and wRi lineages by horizontal transfer during recent Wolbachia evolution, followed by independent copy number expansions. Further evidence for intron horizontal transmission among Wolbachia strains comes from the comparison of Wolbachia genome phylogeny and divergence with those of W.e.I1 introns. Incongruence between W.e.I1 and Wolbachia phylogenetic trees suggests intron horizontal transmission may have occurred between wPel and wRi ( fig. 1 ).
Available Insertion Sites Suggest Ongoing Intron Spread
The recent intron activity poses the question whether intron spread is ongoing in Wolbachia genomes. To address this question, we conducted a search of putatively free homing sites for the five intron families in the four Wolbachia genome sequences. Group II introns homing sites generally span ;30 bp (from À20 to þ10 relative to insertion site) ). For W.e.I1 introns, no highly conserved homing site could be identified, except for IBS1 and IBS3 ( fig. 3a) . However, all 14 wMel and wRi W.e.I1 intron copies are inserted at a homologous position in duplicated reci genes (see Materials and Methods). All reci genes are invaded in wRi. By contrast, three reci loci are still available for W.e.I1 retrohoming in wMel. The wPel and wBm genomes harbor five and seven reci genes, respectively, none of which showing W.e.I1 insertion. Interestingly, wPel harbors a W.e.I1 copy, but it is inserted in a non-reci region ( fig. 3a) , suggesting a retrotransposition event rather than retrohoming.
W.e.I2 insertion sites show a high similarity across 24 nucleotides in the 5# flank and for the IBS3 site ( fig. 3b ). This suggests a spread through retrohoming despite the absence of homology in 3# flank. Genome-wide searches of this 25-nucleotide motif did not return any available homing site in any of the four Wolbachia genomes. W.e.I3 copies are inserted in reci genes but at a different position than W.e.I1 intron family. All other reci genes are thus putative W.e.I3 homing sites.
Finally, no putative available homing site was found for W.e.I4 and W.e.I5 in the genome where they reside (wPel). However, each intron is present twice in wPel, and only IBS1 and IBS3 are conserved between the respective insertion sites. They may thus constitute additional instances of retrotransposition. Furthermore, one W.e.I5 copy is inserted in the W.e.I1 copy of wPel, which represents a case of twintron, that is, an intron inserted within another intron (Copertino and Hallick 1993) . Thus, all W.e.I1 intron copies are potential homing sites for W.e.I5 introns.
Overall, homing sites are available in Wolbachia genomes for three of the five intron families: W.e.I1, W.e.I3, and W.e.I5. Interestingly, their dynamics are all somewhat linked because W.e.I1 and W.e.I3 both target reci genes and W.e.I5 potentially targets W.e.I1. Thus introns from at least these three families may experience ongoing mobility.
Temporally Distinct Intron Expansions during Wolbachia Evolution
Although the study of full-length group II introns copies reveals recent acquisition and spread for most intron Group II Intron Evolution in Wolbachia · doi:10.1093/molbev/msq238 MBE families, the question arises as to whether some introns may have been residing in Wolbachia genomes for a long evolutionary time. To investigate this issue, we focused on the nine truncated intron copies, all detected in wMel or wRi genomes (table 1) . Nucleotide divergence between fulllength and truncated copies were calculated whenever possible and are of 5.6%, 5.8%, 7.1%, and 4% for W.e.I1 in wMel, W.e.I1 in wRi, W.e.I2 in wMel, and W.e.I3 in wMel, respectively. These figures are much higher than those recorded between full-length copies only (0-0.1%, see above), suggesting that full-length and truncated copies represent temporally distinct intron populations within Wolbachia genomes. Moreover, all three truncated copies in wRi (table 1) have an orthologue in wMel, as demonstrated by comparison of their flanking sequences. Presence of the truncated intron copy at each of the three loci in a diverse panel of ten Wolbachia strains was confirmed by PCR assays (data not shown), indicating that old intron insertions occurred in the wMel/wRi ancestral lineage. The presence of shared degraded intron copies in multiple Wolbachia strains, highly divergent compared with fulllength copies, and belonging to several intron families, provide strong evidence for multiple ancient invasions of group II introns in Wolbachia.
Recombination Events Involving Group II Introns
Repeated elements are expected to favor genomic rearrangements within genomes, for example, by inducing ectopic recombination events (Treangen et al. 2009 ). Thus, we searched for putative intron-mediated genomic rearrangements by comparing intron-flanking regions of each copy with the three other Wolbachia genomes. At least five rearrangement events directly involving group II introns were predicted, all in wMel or wRi. All putative events were confirmed by PCR assays using wMel and wRi DNA samples.
Two recombination events involved W.e.I1 copies, and they led to genomic shuffling of three loci ( fig. 4a) . However, comparative analyses restricted to wMel and wRi genomes do not allow to determine in which Wolbachia lineage these rearrangements occurred. Thus, PCR assays and sequencing were conducted on a diverse panel of ten Wolbachia strains to reconstruct the evolutionary history of these rearrangements ( fig. 4b) . Although intron copies were inserted independently at orthologous loci in two Wolbachia lineages, rearrangements only occurred in the subset of Wolbachia strains leading to wRi (fig. 4c) . Thus, the two rearrangements involving W.e.I1 copies took place very recently during Wolbachia evolution. By contrast, the three remaining rearrangements involved W.e.I2 copies and they probably occurred in the wMel lineage. Indeed, they disrupt prophage gene clusters and a radC gene, which are all conserved in wRi (data not shown). The history of these rearrangements remains somewhat elusive though because most of the recombined loci of wMel were probably involved in more than one rearrangement event.
We also compared two sets of very closely related Wolbachia strains. No recombination event involving group II introns was detected between wPel and the closely related wJHB strain. However, we found that a genomic inversion previously shown to be polymorphic in wMel variants, and therefore of very recent origin (Riegler et al. 2005) , contained W.e.I1 intron copies near the presumed recombination breakpoints. PCR assays and sequencing confirmed that recombination breakpoints were located within the W.e.I1 intron sequences. These results provide further In addition to genomic rearrangements, a putative gene conversion event was characterized between two wMel W.e.I1 copies. The two intron sequences along with 490 bp downstream flanking sequence are identical (including a premature stop codon in intron ORF), whereas the surrounding sequences show 22-48% nucleotide divergence.
Discussion
In this study, we conducted an in-depth analysis of group II intron content and dynamics within Wolbachia genomes. We report an exceptionally high intron abundance and striking differences in copy numbers between Wolbachia strains as well as between intron families. Our bioinformatics and experimental results provide strong evidence that the observed variability is mainly caused by recent (and perhaps ongoing) intron activity that occurred after Wolbachia strain divergence. Our data also support several independent intron invasions occurring repeatedly during Wolbachia evolutionary history.
The presence of numerous recently active group II introns in Wolbachia is unexpected as endosymbiotic bacteria are generally renown for lacking mobile elements (Bordenstein and Reznikoff 2005) . Indeed, our screening of 961 complete bacterial genomes reveals that only 12% of endosymbiont genomes carry intron copies. In comparison, 37% of free-living bacteria contain at least one intron copy. This strongly suggests that the cellular confinement generally limits intron invasion and highlights the specificity of Wolbachia. How does Wolbachia compare with free-living bacteria? Detailed information on group II intron content is available for only three other bacterial taxa: Escherichia coli strains (Dai and Zimmerly 2002b) , Sinorhizobium meliloti and related Rhizobiales (Fernández-López et al. 2005) , and the Bacillus cereus group (Tourasse and Kolstø 2008) . Similar to what we found in Wolbachia endosymbionts, the three studies reported a wide intron copy number variability among strains and the presence of several intron families. Overall, our data suggest that group Cordaux et al. (2008) . Sequenced reference genomes (wMel and wRi) are highlighted in dark/light purple. The ancestor state most likely lacked intron copies at the three loci of interest. Intron copies invaded two of the three reci loci in the wMel lineage, after divergence with the Wolbachia strain from Aleochara bilineata. W.e.I1 independently invaded all three reci loci in the Wolbachia lineage leading to wRi. One locus was duplicated before or after intron insertion. Each duplicated copy then underwent recombination with one of the remaining single copy loci.
Group II Intron Evolution in Wolbachia · doi:10.1093/molbev/msq238 MBE II intron dynamics in Wolbachia reflect that of free-living bacteria more than that of obligate endosymbionts.
However, intron spreading did not affect all Wolbachia strains to the same extent. Particularly, the mutualist wBm strain is completely depleted in group II introns, whereas all reproductive parasite strains are highly enriched. A similar pattern was also reported for other types of mobile genetic elements as wBm exhibits a substantially reduced number of IS elements compared with reproductive parasite genomes (Cordaux 2008 (Cordaux , 2009 ). This may be attributed to the propensity of parasitic Wolbachia strains to switch hosts, thereby promoting contact and genetic exchange with other bacterial strains despite their intracellular lifestyle. Indeed, considerable phylogenetic evidence exists for the frequent horizontal transmission of Wolbachia strains between ecologically interacting hosts (Werren et al. 1995; Vavre et al. 1999; Cordaux et al. 2001; Kittayapong et al. 2003; Dedeine et al. 2005; Stahlhut et al. 2010 ) and coinfections of the same host individuals by distinct strains are frequent (Dedeine et al. 2005; Stahlhut et al. 2010) . By contrast, the exclusive vertical inheritance of mutualist Wolbachia strains in filarial nematodes (Bandi et al. 1999; Casiraghi et al. 2001 ) have probably limited genetic exchange with (and thus import of mobile DNA from) other Wolbachia populations or bacterial species. At the cellular level, genetic transfers between Wolbachia strains could be facilitated by the presence of active phages, which are commonly found in parasitic Wolbachia strains (Bordenstein and Reznikoff 2005; Kent and Bordenstein 2010) but are absent from the mutualist wBm strain (Foster et al. 2005) . Interestingly, the sequence of the active phage WO found in a Wolbachia strain infecting the moth Ephestia kuehniella harbors an apparently intact IS element (Tanaka et al. 2009 ), supporting phage involvement in the shuttling of transposable elements. Consistently, we have found several intron copies inserted in prophages of reproductive parasite Wolbachia genomes. This suggests that group II introns might have been acquired by Wolbachia strains via active phages. Overall, these observations nicely illustrate the influence of environmental conditions, such as bacterial lifestyle, on the evolutionary dynamics and fate of mobile genetic elements.
Evolutionary dynamics is not equivalent for all group II intron families too, as we found great differences in mobility potential among families. Intron propagation efficiency is limited by the availability of potential homing sites. For example, the high number of W.e.I1 introns in wMel and wRi is directly linked to the number of reci genes. In addition, early inactivation of intron copies may also explain the lack of proliferation of group II introns. For example, despite numerous available homing sites, there are only three W.e.I3 copies in Wolbachia genomes, all of which being inactivated by truncation or IS disruption. On the other hand, intron propagation may be enhanced by targeting alternative insertion sites. Our data suggest that introns may use at least two different strategies: 1) ability to insert at nonspecific sites and 2) adaptation to new homing sites. Intron insertion at nonspecific sites is well established and known as retrotransposition (Cousineau et al. 2000; Martínez-Abarca and Toro 2000; Muñoz et al. 2001; Ichiyanagi et al. 2002) . In Wolbachia, we suspect retrotransposition for at least three intron families: W.e.I1, W.e.I4, and W.e.I5. The second strategy, adaptation to new homing sites, is suggested by our results on W.e.I2. In this family, the 25 bp-long homing site is globally conserved among copies, in full agreement with conventional retrohoming. However, the homing site key motifs IBS1 and IBS3 differ in wPel compared with wMel and wRi ( fig. 3b) . Strikingly, the corresponding recognition sequences (EBS1 and EBS3 in fig. 3b ) of all intron copies perfectly match their respective IBS1 and IBS3 homing site motifs. These observations suggest that W.e.I2 introns may have evolved to disperse at divergent homing sites, and they are consistent with recent group II intron mobility experiments showing that modification of recognition sequences allowed a shift in preferred homing sites (Mohr et al. 2010) . Our results suggest that this evolutionary strategy is effective in naturo. Altogether, our data provide new insight on diverse processes that may constrain or enhance group II intron dispersal in the bacterial world.
The involvement of group II introns in genomic rearrangements has barely been considered in the past. Introns are thought to rarely mediate genomic rearrangements because of their usually low copy numbers. Consistently, no genomic rearrangement could be ascribed to group II introns in a comparison of 29 B. cereus genomes, despite the presence of up to 13 intron copies within some genomes (Tourasse and Kolstø 2008) . On the contrary, data presented here on Wolbachia bacteria highlight the recombinogenic potential of group II introns as six recent genomic rearrangements among various Wolbachia strains were unambiguously attributed to group II introns. The sharp contrast between Wolbachia and B. cereus may be explained by differences in intron densities. Indeed, although intron copy numbers are quite similar between Wolbachia and B. cereus strains, the dramatically reduced genome size of Wolbachia endosymbionts implies much higher intron densities. Therefore, higher intron proximity may facilitate ectopic homologous recombination between intron copies. Five of the six recorded rearrangements correspond to 26% of the 35 recombination breakpoints described between the wMel and wRi genomes (Klasson et al. 2009 ). By contrast, IS elements correspond to nearly 50% of these recombination breakpoints (Klasson et al. 2009 ). Thus, although there are ;10 times as many IS copies as intron copies in these genomes, there are only twice as many breakpoints involving the former than the latter. In other words, the recombinogenic potential of an intron copy is five times as large as that of an IS copy. This makes group II introns major players of genomic plasticity in Wolbachia endosymbionts.
Genomic rearrangements are mainly produced by ectopic homologous recombination, a process which efficiency requires long highly similar repeated sequences (Pardo et al. 2009 ). Previous studies showed that some IS families in Wolbachia have extremely low nucleotide Leclercq et al. · doi:10.1093/molbev/msq238 MBE divergence between copies, as a result of recent transpositional activity (Cordaux 2008; Cordaux et al. 2008) . Thus, the usually much larger size of group II introns (;2 kb) compared with IS elements (;1 kb) may be a key factor explaining the higher recombinogenic potential of group II introns relative to IS elements. In sum, high density, sequence length, and identity make Wolbachia group II introns favorable substrates for ectopic homologous recombination.
Homologous recombination may also result in the homogenization of nucleotide sequences via gene conversion (Szostak et al. 1983; Santoyo and Romero 2005) . Genomic rearrangements are only occasional by-products of this process. In wMel, the four W.e.I2 copies are identical and share the same frameshift mutation in their ORF, suggesting homogenization through gene conversion. However, the possibility that W.e.I2 copies are still mobile despite their interrupted ORF cannot be formally ruled out as the frameshift does not affect active domains. Nevertheless, we believe that gene conversion is more likely as three of the W.e.I2 copies were also involved in rearrangements. The fourth W.e.I2 copy may have acquired the frameshift mutation through gene conversion without concomitant genomic rearrangement. Thus, gene conversion may be responsible for the inactivation of the W.e.I2 family in wMel. Interestingly, gene conversion also spread a substitution inducing a premature stop codon in two W.e.I1 intron copies of wMel. Similarly, gene conversion has been shown to be frequent among IS elements in wBm, all of which being transpositionally inactive due to multiple, shared stop codons among copies (Cordaux 2009 ). Therefore, we propose that gene conversion may be an important mechanism influencing the evolutionary dynamics of transposable elements in Wolbachia, by limiting their propagation within genomes. Interestingly, at a deeper evolutionary timescale, sequence homogenization induced by gene conversion may lead to the maintenance of inactivated copies by slowing down the rate of degradation (Cordaux 2009 ). Thus, gene conversion may have the paradoxical power of limiting mobile genetic element proliferation on the short term and limiting their loss on the long term. The influence of gene conversion on mobile genetic element regulation might not be restricted to the bacterial kingdom as it has been suggested to inactivate eukaryote Alu retrotransposon families in primates (Styles and Brookfield 2009; Cordaux and Batzer 2009) .
